Circular RNAs have continuous, stable, and covalently closed circular structures and are not easily degraded by nucleases, thus they are ideal serum biomarkers for detecting diseases. However, research is still lacking on circular RNAs as diagnostic and prognostic markers for idiopathic pulmonary arterial hypertension. This study investigated the potential role of serum circ_0068481 levels in idiopathic pulmonary arterial hypertension diagnosis and prognosis. This prospective cohort study enrolled 82 patients with idiopathic pulmonary arterial hypertension between January 2016 and July 2018 at Guangdong Provincial People's Hospital. Serum circ_0068481 levels were measured using quantitative reverse transcription-polymerase chain reaction. Baseline data, including clinical background, hemodynamic variables, and biochemical variables, were collected. Receiver operating characteristic curves were used to investigate diagnostic effect, the Kaplan-Meier method was used to estimate survival rates, and univariate analysis of prognostic factors was performed with a Cox proportional hazard model. We found that serum circ_0068481 expression levels were significantly higher in patients with idiopathic pulmonary arterial hypertension and had higher sensitivity and specificity for predicting idiopathic pulmonary arterial hypertension. Additionally, we found that circ_0068481 expression correlated significantly with heart function, 6-min walk distance, serum N-terminal pro-B-type natriuretic peptide, serum H 2 S, the 6th World Symposium on Pulmonary Hypertension risk stratification, right heart failure, and patient death. Moreover, serum circ_0068481 levels were elevated in patients with idiopathic pulmonary arterial hypertension and right heart failure and were able to predict right heart failure. Serum circ_0068481 levels were also elevated in patients who died with idiopathic pulmonary arterial hypertension and were able to predict poorer clinical outcomes. Circ_0068481 is a novel and noninvasive biomarker for diagnosing idiopathic pulmonary arterial hypertension and predicting poor clinical outcome in patients with idiopathic pulmonary arterial hypertension.
Introduction
Pulmonary arterial hypertension (PAH) is a progressive disorder that affects both pulmonary vasculature and the heart, leading to right ventricular hypertrophy, dilatation, and right heart failure (RHF). 1 Right ventricular function is the most important predictor of morbidity and mortality in patients with PAH, and RHF is the leading cause of PAH mortality. 2 Idiopathic pulmonary arterial hypertension (IPAH), a type of PAH, is characterized by a progressive increase in pulmonary vascular resistance that leads to heart failure. The early recognition and prognostic evaluation of IPAH may guide decisions regarding the use of more aggressive therapy; however, assessing IPAH prognosis is challenging and mostly based on invasive hemodynamics and subjective parameters such as right heart catheterization. There is currently a need for non-invasive biomarkers that reflect pathological changes in pulmonary arterial vessels to diagnose IPAH. Previous studies found chitinase 3-like 1, Growth Differentiation Factor-15, and red blood cell distribution width to be novel diagnostic and (or) prognostic biomarkers for IPAH; [3] [4] [5] however, it is important to develop more novel, specific, and non-invasive biomarkers for IPAH diagnosis and prognosis.
Circular RNAs (circRNAs) have continuous, stable, and covalently closed circular structures; since they have no free 3 0 or 5 0 ends, they are not easily degraded by nucleases, making them ideal biomarkers for detecting diseases. 6 CircRNAs are also involved in the development and progression of cardiovascular disease; for example, Myocardial Infarction-Associated Circular RNA (MICRA) is associated with the development of heart failure after myocardial infarction and can be used to predict the development of myocardial infarction, 7 circRNA_010567 silencing upregulates miR-141 and downregulates transforming growth factor-1 expression to regulate myocardial fibrosis, 8 heart-related circRNA (HRCR) protects the heart from pathological hypertrophy and heart failure by targeting miR-223 and could serve as a new therapeutic target for heart disease, 9 mitochondrial fission and apoptosis-related circRNA (MFACR) regulates cardiac mitochondrial dynamics and apoptosis by adsorbing miR-652-3p and may serve as a potential therapeutic approach for cardiovascular diseases, 10 and circ-Foxo3 inhibits heart aging and provides myocardial protection. 11, 12 Previous circRNA studies have focused on left heart diseases and heart failure; thus, it remains unclear whether circRNAs can be used as markers to predict IPAH progression and clinical outcome.
In this study, we focused on hsa_circ_0068481, whose gene, ST6 beta-galactoside alpha-2,6-sialyltransferase 1, is located at chr3:186756529-186761098. A previous study found that circ_0068481 expression significantly increased in patients with chronic thromboembolic pulmonary hypertension compared with healthy controls. 13 In this study, we investigated circ_0068481 expression in IPAH and its potential role as a novel diagnostic and prognostic biomarker in IPAH.
Methods

Clinical samples
This study was approved by the Ethics Committee of Guangdong Provincial People's Hospital (No. GDREC2016305H). All study participants received oral and written information about the objectives of the study and provided written informed consent. A total of 82 patients with IPAH were consecutively enrolled in the prospective cohort study between January 2016 and March 2018 at Guangdong Provincial People's Hospital. All participants conformed to the inclusion and exclusion criteria and received no treatment before baseline clinical characteristics were collected. The inclusion and exclusion criteria for IPAH were the same as those used in previous studies. 5, 14 RHF was diagnosed as IPAH and have the symptoms of right ventricular fractional (RVF), including exertional dyspnea, fatigue, peripheral edema, and abdominal fullness/ ascites, and also with cardiac index <2.5 L/(min Â m 2 ) as measured by right heart catheterization. Therapeutic schedule was given targeted drug therapy according to the 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology, International Society for Heart and Lung Transplantation and 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of the ESC Developed with the special contribution of the Heart Failure Association of the ESC. The control group (82 health control) consisted of age-and sex-matched healthy volunteers with no medical conditions or medications. Flowchart demonstrating classification of participants is shown in Fig. 1 .
Clinical parameter collection
Data regarding the patients' age, sex, height, weight, body mass index (BMI), and 6-min walk distance (6MWD) were collected. Biochemical markers, including serum N-terminal pro-B-type natriuretic peptide (NT-proBNP), homocysteine (HCY), and H 2 S, were measured using an Abbott Architect assay (Abbott Diagnostics, Abbott Park, IL). Right atrial dimension, right ventricular dimension, pulmonary artery width, pulmonary artery blood flow, tricuspid annular plane systolic excursion, tricuspid annular motion velocities, pulmonary systolic blood pressure, and tricuspid regurgitation were obtained from echocardiographic examinations using an ultrasound platform (Vivid 7; GE Healthcare, Milwaukee, WI) equipped with a phased-array transducer. Two-dimensional and Doppler measurements were obtained and evaluated according to the guidelines of the American Society of Echocardiography. 15 All Doppler measurements were performed three times and the average value was obtained. Mean pulmonary arterial pressure, pulmonary capillary wedge pressure, pulmonary vascular resistance, pulmonary vascular resistance index, mean right atrial pressure, pulmonary vein oxygen saturation, and pulmonary artery oxygen saturation were evaluated using pulmonary hemodynamic measurements obtained by cardiac catheterization. The follow-up period was from the date of blood sampling to either death or June 2018. Follow-up evaluations consisted of hospital visits or telephone interviews. The median follow-up duration was 14 (range, 1-24) months. During the follow-up period, 29 patients had IPAH with RHF complications and 16 died.
Real-time quantitative reverse transcription polymerase chain reaction
Total RNA was isolated from serum samples using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). After incubation with RNase R at 37 C for 30 min to degrade linear RNA, RNA was reverse transcribed using an ImProm-IITM Reverse Transcription System (Promega) under the following conditions: 30 C for 10 min, 42 C for 60 min, and 85 C for 10 min. circ_0068481 expression was measured by real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) using the Roche 480II system (Roche, Basel, Switzerland) and SYBR Premix Ex Taq II (Tli RNaseH Plus; Takara, Dalian, China). circ_0068481 and GAPDH primers were synthesized by Sangon Biotech (Shanghai, China) as follows: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward 5 0 -GCACCGTCAAGGCTGAGAAC-3 0 and reverse 5 0 -TGGTGAAGACGCCAGTGGA-3 0 ; hsa_-circ_0068481 forward 5 0 -TATCTGCCCAAGGAGAGCAT-3 0 and reverse 5 0 -TATTATCCATGGGAGGGAAGGT-3 0 . Data were analyzed using the comparative cycle threshold method with three independent experiments.
Statistical analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences, version 19.0 (IBM, Armonk, NY, USA and GraphPad Prism, version 7.0 for Windows (GraphPad Software, San Diego, CA, USA). Normally distributed data were expressed as the mean AE standard deviation, and differences between two groups were assessed using independent t-tests. Non-normally distributed data were expressed as the median (P25-P75) and differences between two groups were assessed using Mann-Whitney U tests. Data were presented as the number and percentage of patients, with differences between categorical variables evaluated using chi-square tests. We performed receiver operating characteristic (ROC) curve analysis to investigate serum circ_0068481 levels that predicted IPAH against healthy volunteers and used the Kaplan-Meier method to estimate survival rates. Univariate analyses of prognostic factors were performed with a Cox proportional hazards model. P values of <0.05 were considered statistically significant.
Results
Serum circ_0068481 levels were elevated in patients with IPAH and act as a diagnostic biomarker Serum circ_0068481 levels detected by qRT-PCR were significantly higher in patients with IPAH than in the control group (P < 0.05). The ability of serum circ_0068481 levels to diagnose IPAH was assessed using ROC curve analysis. At the optimal expression cutoff value of 0.995, the sensitivity and specificity were 74.39% and 98.78%, respectively (Fig. 2) .
Serum circ_0068481 levels correlated with the clinicopathological features of patients with IPAH circ_0068481 levels correlated with the baseline clinical characteristics of patients with IPAH. The relationship between circ_0068481 levels and the baseline clinical characteristics of patients with IPAH is shown in Table 1 . Patients with IPAH were divided into two groups according to the median circ_0068481 value (2.31): a low group ( 2.31, n ¼ 41) and a high group (>2.31, n ¼ 41). There was no correlation between circ_0068481 expression and age, sex, BMI, serum HCY, right atrial dimension, pulmonary artery width, pulmonary artery blood flow, tricuspid annular plane systolic excursion, mean pulmonary arterial pressure, pulmonary vascular resistance index, or pulmonary vein oxygen saturation (P > 0.05). Conversely, circ_0068481 expression correlated significantly with heart function, 6MWD, serum NT-proBNP, serum H 2 S, right ventricular dimension, the 6th World Symposium on Pulmonary Hypertension (WSPH) risk stratification, tricuspid annular motion velocities, pulmonary systolic blood pressure, tricuspid regurgitation, pulmonary capillary wedge pressure, pulmonary vascular resistance, mean right atrial pressure, pulmonary artery oxygen saturation, IPAH with RHF, and death (P < 0.05). Therapeutic schedule for IPAH had no significant change between two groups. Additionally, we found that circ_0068481 expression had significantly correlated with NT-proBNP level, HCY level, and 6MWD while it had no correlation with H 2 S (Fig. 3) . These results showed that serum circ_0068481 levels may act as a novel diagnostic and prognostic biomarker for patients with IPAH and RHF and the death of patients with IPAH.
Serum circ_0068481 levels were elevated in patients with IPAH and RHF and act as a prognostic biomarker for RHF Next, we studied the diagnostic and prognostic effects of serum circ_0068481 levels in patients with IPAH and RHF. qRT-PCR showed that circ_0068481 expression was significantly higher in patients with IPAH without RHF than that in the control group (P < 0.05, Fig. 4a) ; circ_0068481 expression was significantly higher in patients with IPAH and RHF than patients with IPAH and no RHF (P < 0.05, Fig. 4a ). The ability of serum circ_0068481 levels to diagnose IPAH with RHF was assessed using ROC curve analysis. At the optimal expression cutoff value of 2.97, the sensitivity and specificity were 94.59% and 92.45%, respectively (Fig. 4b) . Furthermore, to assess whether circ_0068481 expression is a risk factor for IPAH with RHF, patients with IPAH were divided into two groups according to the optimal circ_0068481 expression cutoff value (2.97): low expression group, circ_0068481 expression <2.97 and high expression group: circ_0068481 expression !2.97. During the follow-up period, 29 patients had IPAH with RHF, all of whom were in the high expression group. The KaplanMeier analysis results are shown in Fig. 4c . Patients with IPAH in the high group exhibited higher RHF incidence than those in the low group (P < 0.05). Additionally, patients with IPAH were divided into two groups according to the median value of ocirc_0068481 expression (2.31): low expression group, circ_0068481 expression <2.31 and high expression group: circ_0068481 expression !2.31. During the follow-up period, 29 patients had IPAH with RHF, all of whom were in the high expression group. The KaplanMeier analysis result showed that patients with IPAH in the high group exhibited higher RHF incidence than those in the low group (P < 0.05, Fig. 4d ).
Serum circ_0068481 levels were elevated in patients with IPAH who died and act as a prognostic biomarker for clinical outcome Finally, we studied the effects of serum circ_0068481 levels on clinical outcome in patients with IPAH. qRT-PCR showed that circ_0068481 expression was significantly higher in patients with IPAH who died than in those who survived (P < 0.05, Fig. 5a ). The ability of serum circ_0068481 levels to diagnose the clinical outcome of IPAH was analyzed using ROC curve analysis. At the optimal expression cutoff value (4.25), the sensitivity and specificity were 100 and 95.45%, respectively (Fig. 5b) . To assess whether circ_0068481 expression was a risk factor for clinical outcome in IPAH, patients with IPAH were divided into two groups according to the optimal circ_0068481 expression cutoff value (4.25): low expression group, circ_0068481 expression <4.25 and high expression group: circ_0068481 expression !4.25. During the follow-up period, 16 patients died, all of whom were in the high expression group. The Kaplan-Meier analysis results are shown in Fig. 5c . Patients with IPAH in the high group exhibited a poorer clinical outcome than those in the low group (P < 0.05). Additionally, patients with IPAH were divided into two groups according to the median value of ocirc_0068481 expression (2.31): low expression group, circ_0068481 expression <2.31 and high expression group: circ_0068481 expression !2.31. During the follow-up period, 16 patients died, all of whom were in the high expression group. The Kaplan-Meier analysis result showed that patients with IPAH in the high group exhibited a poorer clinical outcome than those in the low group (P < 0.05, Fig. 5d ). Univariate analyses were conducted to evaluate whether circ_0068481 expression and various noninvasion clinicopathological parameters were prognostic factors of patient outcome ( Table 2 ). The results suggested that NT-proBNP, HCY, H 2 S, circ_0068481 expression, and 6MWD were prognostic factors that indicate poor prognosis in patients with IPAH.
Discussion
IPAH can induce RHF and patient death. Currently, specific and non-invasive biomarkers for IPAH diagnosis and prognosis are scarce. In this study, we found that elevated serum circ_0068481 expression had high sensitivity and specificity for diagnosing IPAH. Additionally, serum circ_0068481 levels were elevated in patients with IPAH and RHF and in patients with IPAH who died, thus act as a biomarker for clinical outcome.
circRNAs have continuous, stable, and covalently closed circular structures and are not easily degraded by nucleases, thus are ideal serum biomarkers for detecting diseases. circRNAs are considered diagnostic and prognostic biomarkers in patients with tumors, hypertension, and cardiovascular diseases. [16] [17] [18] In hypoxia-induced PAH, 74 abnormally expressed circRNAs, including mmu_circ RNA_004592 and mmu_circRNA_018351, display potential as diagnostic biomarkers for PAH. 19 Additionally, 351 circRNAs are abnormally expressed in chronic thromboembolic PAH, with hsa_circ_0002062 and hsa_circ_0022342 potentially being key circRNAs for diagnosing chronic thromboembolic PAH. 13 However, studies researching circRNAs as diagnostic and prognostic biomarkers for IPAH are lacking. In this study, we found that serum circ_0068481 expression was significantly higher in patients with IPAH than in healthy volunteers. Elevated serum circ_0068481 levels had high sensitivity (74.39%) and specificity (98.78%) for diagnosing IPAH, suggesting that circ_0068481 is a novel and noninvasive biomarker for diagnosing IPAH. Additionally, we found that circ_0068481 expression was significantly higher in patients with IPAH without RHF than that in the control group, and suggested that circ_0068481 expression was induced by IPAH.
Additionally, we found that circ_0068481 expression correlated significantly with heart function, 6MWD, serum NT-proBNP, serum H 2 S, WSPH risk stratification, right ventricular dimension, tricuspid annular motion velocities, pulmonary systolic blood pressure, tricuspid regurgitation, pulmonary capillary wedge pressure, pulmonary vascular resistance, mean right atrial pressure, pulmonary artery oxygen saturation, and IPAH with RHF. Right ventricular dimension, tricuspid annular motion velocities, and tricuspid regurgitation have been associated with right ventricular enlargement and dysfunction, 20 whilst pulmonary systolic blood pressure, pulmonary capillary wedge pressure, pulmonary vascular resistance, mean right atrial pressure, and pulmonary artery oxygen saturation have been associated with IPAH development. Serum NT-proBNP, H 2 S, and 6MWD have been reported to correlate with IPAH progression and RHF, [21] [22] [23] suggesting that circ_0068481 may be associated with RHF in patients with IPAH. In this study, we found that circ_0068481 expression correlated significantly with RHF and the death of patients with IPAH, further suggesting that circ_0068481 plays an important role in regulating IPAH progression. We also found that serum circ_0068481 levels were higher in patients with IPAH and RHF than in those without RHF and that elevated circ_0068481 levels could diagnose and predict RHF. Moreover, serum circ_0068481 levels were higher in patients with IPAH who died than in those who survived, with elevated circ_0068481 levels able diagnose and predict poor clinical outcome. These results suggest that Fig. 4 . Serum circ_0068481 levels were elevated in patients with idiopathic pulmonary arterial hypertension (IPAH) and right heart failure (RHF) and act as a diagnostic and prognostic biomarker for IPAH with RHF. (a) Serum circ_0068481 levels were detected by qRT-PCR in patients with IPAH with or without RHF. ***P < 0.001 vs control; ### P < 0.001 vs IPAH without RHF. (b) The ability of serum circ_0068481 levels to diagnose IPAH with RHF was assessed using ROC curve analysis. (c) Whether circ_0068481 expression was a risk factor for IPAH with RHF was assessed using Kaplan-Meier analysis. According to the optimal circ_0068481 expression cutoff value (2.97), patients with IPAH were divided into two groups: low group: circ_0068481 expression <2.97, n ¼ 51; high group: circ_0068481 expression !2.97, n ¼ 31. (d) Whether circ_0068481 expression was a risk factor for IPAH with RHF was assessed using Kaplan-Meier analysis. According to the median value of ocirc_0068481 expression (2.31), patients with IPAH were divided into two groups: low group: circ_0068481 expression <2.31, n ¼ 41; high group: circ_0068481 expression !2.31, n ¼ 41. AUC: area under the curve; qRT-PCR: real-time quantitative reverse transcription polymerase chain reaction; ROC: receiver operating characteristic.
circ_0068481 can predict poor clinical outcome in patients with IPAH.
This study has several limitations. First, as an observational study, a cause-and-effect relationship between circ_0068481 and IPAH prognosis cannot be established.
Second, we did not analyze the effect of treatment schedule on circRNA expression in patients with IPAH, which may affect the prognosis judgment. Third, circ_0068481 levels were not serially assessed during follow-ups. Additionally, the sample size and follow-up period were relatively limited; therefore the magnitude of this relationship must be interpreted with caution due to the low number of IPAH in this cohort and the potential limited generalizability of these results. Large-scale prospective studies are required to confirm the prognostic ability of circ_0068481 in IPAH. The ability of serum circ_0068481 levels to diagnose the death of IPAH patients was assessed using ROC curve analysis. (c) Whether circ_0068481 expression was a risk factor for the death of IPAH patients was assessed using KaplanMeier analysis. According to the optimal circ_0068481 expression cutoff value (4.25), patients with IPAH were divided into two groups: low group: circ_0068481 expression <4.25, n ¼ 63; high group: circ_0068481 expression !4.25, n ¼ 19. (d) Whether circ_0068481 expression was a risk factor for the death of IPAH patients was assessed using Kaplan-Meier analysis. According to the median value of ocirc_0068481 expression (2.31), patients with IPAH were divided into two groups: low group: circ_0068481 expression <2.31, n ¼ 41; high group: circ_0068481 expression !2.31, n ¼ 41. AUC: area under the curve; qRT-PCR: real-time quantitative reverse transcription polymerase chain reaction; ROC: receiver operating characteristic. In conclusion, circ_0068481 is a novel and noninvasive biomarker for diagnosing IPAH and predicting poor clinical outcome in patients with IPAH.
Availability of data and material
Datasets analyzed during the present study are available from the corresponding author on reasonable request.
Ethical approval
This study was approved by the Ethics Committee of Guangdong Provincial People's Hospital (No. GDREC2016305H).
